Running Title: Vinculin-sca4 interactions Pathogenic Rickettsiae species cause high morbidity and mortality, especially R. prowazekii the causative agent of typhus. Like many intracellular pathogens, Rickettsiae exploit the cytoskeleton to enter and spread within the host cell. Here we report that the cell surface antigen sca4 of Rickettsiae colocalizes with vinculin in cells at sites of focal adhesions, and that sca4 binds to and activates vinculin through two vinculin binding sites (VBSs) that are conserved across all Rickettsia. Remarkably, this occurs through molecular mimicry of the vinculn-talin interaction that is also seen with the IpaA invasin of the intracellular pathogen Shigella, where binding of these VBSs to the vinculin seven-helix bundle head domain (Vh1) displaces intramolecular interactions with the vinculin tail domain that normally clamp vinculin in an inactive state. Finally, the vinculin:sca4-VBS crystal structures reveal that vinculin adopts a new conformation when bound to the C-terminal VBS of sca4. Collectively, our data define the mechanism by which sca4 activates vinculin and interacts with the actin cytoskeleton and they suggest important roles for vinculin in Rickettsia pathogenesis.
Pathogenic Rickettsiae species cause high morbidity and mortality, especially R. prowazekii the causative agent of typhus. Like many intracellular pathogens, Rickettsiae exploit the cytoskeleton to enter and spread within the host cell. Here we report that the cell surface antigen sca4 of Rickettsiae colocalizes with vinculin in cells at sites of focal adhesions, and that sca4 binds to and activates vinculin through two vinculin binding sites (VBSs) that are conserved across all Rickettsia. Remarkably, this occurs through molecular mimicry of the vinculn-talin interaction that is also seen with the IpaA invasin of the intracellular pathogen Shigella, where binding of these VBSs to the vinculin seven-helix bundle head domain (Vh1) displaces intramolecular interactions with the vinculin tail domain that normally clamp vinculin in an inactive state. Finally, the vinculin:sca4-VBS crystal structures reveal that vinculin adopts a new conformation when bound to the C-terminal VBS of sca4. Collectively, our data define the mechanism by which sca4 activates vinculin and interacts with the actin cytoskeleton and they suggest important roles for vinculin in Rickettsia pathogenesis.
Pathogenic Rickettsiae are non-motile, gram-negative, obligate intracellular parasites that are the causative agents of epidemic typhus and spotted fevers (1, 2) . Rickettsia rickettsii causes rocky mountain spotted fever with over 20% mortality and no effective antibiotics (3) and Rickettsia prowazekii causes epidemic typhus, one of the most severe infectious diseases, with over 3 million deaths during the last century and a mortality rate of 10% to 60%. While several Rickettsial genomes have been sequenced, including Rickettsia rickettsii, this pathogen is, unfortunately, intractable to classical genetics. Accordingly, our understanding of Rickettsiae is in its infancy. For example, there are only six Rickettsia entries in the Protein Data Bank, and all are from Rickettsia prowazekii, the cause of typhus.
R. rickettsii and other spotted fever Rickettsiae are disseminated to humans by tick bites in the skin (2) and then grow in epithelial and endothelial cells, triggering localized dermal and epidermal necrosis (4) and a dermal rash (4, 5) . Rickettsia uses lipid raft-associated Ku70, an ATPdependent DNA helicase, to facilitate its endocytosis (6) , and their entry and spread within the host cell requires the cytoskeletal regulators Arp2/3, Cdc42, and cofilin (7) (8) (9) (10) . Rickettsiae escape from a phagosomal compartment into the host cell cytosol, and propel themselves, using the actin network. Further, the RickA protein, a R. conorii protein with similarity to the Wiskott-Aldrich syndrome protein family, directs migration of the pathogen within the cytoplasm by polymerizing actin filaments (8, 11) .
Phylogenetic analysis of nine Rickettsia spp. showed strong positive selection on surface cell antigen (sca) genes indicating the requirement of sca genes in Rickettsia life cycle (12) . A few recent studies reported the involvement of sca proteins in the bacterial infection: sca0 (rOmpA) and sca1 are involved in the attachment to mammalian cells, sca5 (rOmpB) is involved in both attachment and the entry process of the bacteria into nonphagocytic mammalian cells (13, 14) , and sca2 functions as a formin-mimic that is responsible for actin-based motility of Rickettsia in the host cell cytosol (15) .
Precisely how Rickettsia binds to the actin cytoskeleton is not known. Building on our findings in Shigella (16-18), we reasoned that Rickettsia encodes an invasin that would either function as an activator or mimic of vinculin. Vinculin is a globular helix bundle protein that is normally clamped in its inactive state via hydrophobic interactions of its N-terminal seven-helix bundle head (Vh1) domain with its five-helix bundle tail (Vt) domain (19) (20) (21) (22) . Vinculin activation requires severing the head-tail interaction, and studies initially from our laboratory (23) (24) (25) and then by others (26) (27) (28) (29) (30) have established that talin is a physiologic activator of vinculin, where it binds to the vinculin Vh1 domain via amphipathic α-helical vinculin binding sites (VBSs) present in its central talin rod domain. Notably, the VBSs of talin are normally buried within helix bundle domains (26, 29, 31) , and talin needs to be force activated via integrin receptors to release these VBSs so they can bind to and activate vinculin (26, 30, 32) . In contrast, no 'pre-activation' of the IpaA invasin of Shigella that binds to vinculin is necessary, as full-length IpaA binds to and activates vinculin (33, 34) .
A search for VBSs encoded by Rickettsiae led to the discovery that the cell surface antigen sca4, a 112 kDa protein (1,024 residues) of Rickettsia, harbors two such VBSs in the C-terminal half of this protein that are conserved across Rickettsiae, and which are separated by 400 residues. Our studies show that full-length sca4 binds to and activates vinculin and that it colocalizes with vinculin in cells. Finally, the crystal structures of vinculin:sca4-VBS complexes reveal unique features of this interaction.
EXPERIMENTAL PROCEDURES
Cloning, expression, and purificationChromosomal DNA of Rickettsia rickettsii, iowa strain, was generate by polymerase chain reaction (PCR) and cloned into the pEGFP-N2-sca4 expression vector. The fragment was amplified with primers RCsca4-forward (CCGGAATTCATGAGTAAAGACGGT  AACCTAG) and RCsca4-reverse (GCGGTACCGGCGTTGTGGAGGGGA AGAC), cloned in pCRBlunt, verified by sequencing using M13 and REV primers, and subcloned into the EcoRI-KpnI-digested pEGFP-N2 (Clontech) to generate pEGFP-N2-sca4. This construct was then used as a PCR template for all the subsequent sca4 constructs. The primers (Supplementary Table) were designed and target genes were amplified to generate sca4 residues 412-434, 774-1008, 411-585, 21-360, and 21-1,008. The amplified PCR products were digested with NdeI and XhoI and ligated into the pET-28a vector (Novagen) encoding a polypeptide with an N-terminal hexa-histidine tag with a thrombin cleavage site for purification.
The human vinculin head domain (Vh1; residues 1-258) and full-length human vinculin were purified as described (19, 24) . Recombinant sca4 proteins (residues 774-1008, 411-585, 21-360, or 21-1,008) were expressed in Escherichia coli strain BL21(DE3) (Invitrogen) and grown at 37 °C in Luria-Bertani medium containing kanamycin (20 mg/l). Bacterial cultures were induced at A 600 of 0.8 by adding isopropyl-β-thio-galactoside (IPTG) to 0.5 mM and incubating at 30 °C for 24 hr. Cells were lysed by sonication and the lysate was loaded onto a HisTrap chelating nickel affinity chromatography column (GE Healthcare) and washed with 25 column volumes of 50 mM NaH 2 PO 4 , 300 mM NaCl, and 5 mM imidazole. The protein was eluted over a gradient of 1 M imidazole (pH 8). The eluted fractions were pooled and concentrated and the buffer was exchanged to thrombin cleavage buffer (150 mM NaCl, 20 mM Tris-HCl pH 8, 1 mM DTT). The hexahistidine-tag was cleaved at 4 °C overnight with 2. For the actin co-sedimentation assays, sca4-VBS-N (residues 412-434) and sca4-VBS-C (residues 812-835) were synthesized and HPLC purified (GenScript Corp.). The same regions were also PCR amplified (Supplementary Table) and cloned into NheI/EcoRI of pMAL-c2e (New England Biolabs) to produce maltose binding protein (MBP) fusions. The two constructs, pMAL-Sca4-VBS-N and pMAL-Sca4-VBS-C, were transformed into E. coli BL21(DE3) and expressed similarly as described above, and purified by amylose chromatography column (New England Biolabs) following the manufacturer's instructions.
The pET-28a plasmid carrying the sca4-VBS-N construct (having a his-tag and kanamycin resistance) was co-expressed with the pET-22b plasmid carrying the Vh1 construct (with no tag and ampicillin resistance) in E. coli BL21(DE3). The binary complex of Vh1:sca4-VBS-N was purified similarly as described previously (24) .
Sca4 residues 20-1,024, 20-360, 406-585, and 772-1,008 were PCR amplified (Supplementary Table) and cloned into the mammalian expression vector pEGFP-N1 (Clontech) using the EcoRI restriction site. The PCR product for sca4 residues 772-1,008 was cloned into pEGFP-C1 (Clontech) using the EcoRI and BamHI sites. For efficient translation of sca4 genes, with the exception of the 772-1,008 construct, a Kozak sequence of GCCACC was added via the forward primers before the start codon. Sca4-VBS-C peptide was dissolved in 20 mM Tris-HCl (pH 9) and 150 mM NaCl to final concentration of 15 mM. For crystallizations an excess of various sca4-VBS-C concentrations were added to Vh1 (purified as described) (24) . Initial crystallization hits were obtained in a high salt condition using 100 mM sodium citrate tribasic dihydrate (pH 5.6) and 2.5 M ammonium phosphate, but these crystals diffracted poorly (to about 8 Å Bragg spacings). We therefore varied the Vh1:sca4-VBS-C ratio ranging from 1:5 to 1:3 and obtained a new cubic crystal form under different crystallization conditions. The final Vh1:sca4-VBS-C crystals (obtained at 1:3 molar ratio) were grown at room temperature by hanging drop vapor diffusion (0.5 mM Vh1 at 14.4 mg/ml and 1.5 mM sca4-VBS-C) against a reservoir solution of 2% (v/v) tacsimate (pH 5), 100 mM sodium citrate tribasic dihydrate (pH 5.6), and 16% (w/v) polyethylene glycol (3, 350) . Successful flash-freezing was achieved when the crystals were transferred directly to the reservoir solution containing 20% glycerol and were allowed to equilibrate for 1 min.
X-ray data collection and reductionDiffraction data were collected for Vh1:sca4-VBS-N crystals at beamline 11-1 (wavelength of 1 Å) of the Stanford Synchrotron Radiation Laboratory (SSRL). To reduce X-ray absorption and increase the spot quality, we focused the X-ray beam around the edge of the 0.6 x 0.6 x 0.4 mm 3 crystal. The data were integrated and scaled using autoProc (35) which uses either XDS (36) or MOSFLM (37) as the data reduction engine. The crystals belonged to space group P2 1 2 1 2 1 with the unit cell dimensions a = 54.4 Å, b = 76.3 Å, c = 114.6 Å with one heterodimer in the asymmetric unit, resulting in a solvent content of 68% (Table I) .
Vh1:sca4-VBS-C data were collected at beamline 11-1 (wavelength of 0.97867 Å) of the Stanford Synchrotron Radiation Laboratory (SSRL) to 2.8 Å Bragg spacings and processed using autoProc (35). The crystals belonged to the I2 1 3 space group with unit cell dimensions a = b = c = 141.4 Å and with one heterodimer in the asymmetric unit, resulting in a solvent content of 68% (Table I) .
Crystal structure determination and crystallographic refinement -Phases for Vh1:sca4-VBS-N were obtained by molecular replacement using MOLREP running in the CCP4 program interface with Vh1 from PDB entry 1rkc (24) as a search model. Molecular replacement using 30 Å to 2.4 Å data resulted in one top solution with an initial R-factor, correlation coefficient, and translation contrast of 0.48, 0.73 and 7.2, respectively, while the values of the second unrelated peak solution were 0.68, 0.39, and 2.2, respectively.
Crystallographic refinement of Vh1:sca4-VBS-N was performed using autoBUSTER with the TLS and water update options (38) . After six cycles of refinement, the free and crystallographic R-factors droped to 0.25 and 0.23, respectively. Further rounds of refinement were performed after manual adjustment and visual inspection of the model using the program COOT (39) . The final crystallographic and free R-factors were 0.2 and 0.22, respectively. A Ramachandran plot analysis shows that 99.6% of all residues fell in the favored regions, and that the remaining 0.4% fell in allowed regions. MolProbity (40) analysis resulted in a score of 1.52 (96 th percentile) with a clash-score of 6.4 (94 th percentile) (40) . Crystallographc refinement statistics are summarized in Table II .
Phases for Vh1:sca4-VBS-C were determined by molecular replacement using MOLREP (41) with the unliganded Vh1 structure (PDB entry 1rkc) as a search model. Molecular replacement using 44 Å to 3.2 Å data led to one correct solution with the initial R-factor, correlation coefficient, and translation contrast of 0.39, 0.79, and 10.1, respectively. The second unrelated peak produced aforementioned values of 0.60, 0.46, and 3.1, respectively. This resulted in an unambiguous solution for the position of C-terminal four-helix bundle subdomain of Vh1. However, due to conformational change, the initial electron density map using phases of the starting model showed large discrepancies for the N-terminal fourhelix bundle subdomain, which contains the binding site for VBSs. Even at this stage, strong continuous electron density for the omitted sca4-VBS-C was observed in the omit map. The bulky electron density of Tyr-815 provided clear direction of sca4-VBS-C for initial model building.
Multiple rounds of iterative manual fitting of sca4-VBS-C were carried out according to the 2F obs -F calc and F obs -F calc electron density maps by using Coot (39) . Crystallographic refinement was performed using autoBUSTER (38) and resulted in a crystallographic and free Rfactors of 0.2 and 0.24, respectively (Table  II) . The last five residues of Vh1 and the last residue of sca4-VBS-C were not included in the model due to disorder. In the Ramachandran plot, 97.4% and 2.6% of all residues fell in favored and allowed regions, respectively. Protein geometry analysis by Molprobity (40) resulted in a score of 1.6 (100 th percentile) with a clashscore of 9.31 (98 th percentile), and with 0% violation in rotamers and bonds, and 0.7% violation in angles.
Native-PAGE shift mobility assaysTo examine the interaction between sca4 proteins and Vh1, native-PAGE was performed using a Phastgel system (GE Healthcare) according to the manufacturer's instructions. 10 µM of Vh1 was incubated with various sca4 proteins in approximately 1:2 molar ratios at room temperature for 10 min before being run on an 8% to 25% gradient native gel. Vt displacement assays were performed as described (16) .
F-actin co-sedimentation assay -Fulllength human vinculin was prepared as described (19) and filtered with a 0.02 µm syringe filter and diluted with phosphatebuffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , and 1.47 mM KH 2 PO 4 , pH 7.4) buffer to a final concentration of 15 µM. Each of the VBSs of sca4 was dissolved in PBS and then added to vinculin at 1:2 (vinculin:sca4) molar ratio and incubated for 20 min at room temperature. F-actin cosedimentation was performed as described (42) .
Transient transfection and confocal imaging -The sca4 expression vectors and pEGFP alone as a control were transfected into NIH 3T3 cells grown overnight on glass coverslips with Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. After 16 hr, the transfected NIH 3T3 cells were removed from the media and washed with PBS buffer. The cells were then fixed with PBS supplemented with 4% formaldehyde. The fixed cells were permeabilized and blocked in 3% BSA, 0.2% Triton X-100, 1 mM NaN 3 
RESULTS

Identification of
VBSs in the sca4 cell surface antigen of Rickettsia -We identified a 19 residue consensus motif for VBS binding to the vinculin Vh1 domain by aligning six VBSs of talin, the two VBSs of IpaA, and the VBS of α-actinin:
, where x denotes any residue. Searches with this motif identified a potential VBS near the C-terminus of the cell surface antigen sca4 (sca4-VBS-C) of Rickettsia rickettsii, where eight out of 19 residues of this putative VBS are identical to those of IpaA-VBS2 (32% sequence identity). Notably, this putative VBS was highly conserved in Rickettsia, with eight out of 19 residues identical across six Rickettsia species (Fig. 1A) .
The VBSs of the vinculin binding partners bind to the N-terminal seven-helix bundle domain of vinculin (Vh1) (16, 23, 24) . Based on preliminary binding studies (JHL, personal communication) we suspected that the C-terminal sca4 domain (residues 411-1,008) had two binding sites for Vh1. Based on secondary structure predictions and domain predictions we therefore constructed several sca4 deletions and found that residues 21-1,008, 411-585, and 775-1,008 all bound to Vh1 while residues 21-360 did not (Fig. 1B) . Several other constructs did not result in soluble protein and were not pursued further. Secondary structure predictions (JHL, personal communication) suggested that the 411-585 sca4 domain that binds Vh1 is comprised of five α-helices and alignment with the VBSs of talin showed that sca4-VBS-N shares 32% sequence identity with talin-VBS1 (Fig. 1A ) and 16% and 18% identity to talin-VBS2 and talin-VBS3, respectively, with 13 out of 23 residues identical across six Rickettsia species.
Both of the VBSs of sca4 bound to Vh1, as did nearly full-length sca4 protein (residues 21-1,008, Fig. 1C) . Further, recombinant sca4 protein having both VBSs (residues 411-1,008) formed a 2:1 complex with Vh1 in solution ( Supplementary Fig. S1, S2) . Thus, sca4 harbors two vinculin binding sites.
Sca4 activates vinculin -Activation of vinculin requires severing of the head-tail interaction, which exposes the cryptic actin binding sites within the vinculin tail (Vt) domain (30, (43) (44) (45) (46) (47) . The sequence similarity between sca4-VBS-N and sca4-VBS-C, and talin-VBS1 and IpaA-VBS2, respectively, suggested that the VBSs of sca4 have similar functions. To test if the domains harboring the sca4-VBSs and fulllength sca4 were sufficient to activate vinculin we titrated the sca4-VBS into preformed Vh1:Vt complexes. Indeed, native gel analyses showed that the nearly full-length sca4 (residues 21-1,008), as well as the domains harboring the VBSs (residues 411-585 and 774-1,008), readily displaced the Vt tail domain from preexisting Vh1:Vt complexes by forming a new Vh1:sca4-VBS complex (Fig. 2A) .
A hallmark of vinculin activation is the exposure of cryptic F-actin binding sites (48, 49) that allow activated vinculin to bind to the cytoskeleton. We therefore tested whether the VBSs of sca4 could activate the latent F-actin binding functions of vinculin by co-sedimentation assays. While the sca4-VBSs did not pellet full-length vinculin, the vinculin:sca4-VBS complexes cosedimented with F-actin (Fig.  2B) . Thus, both VBSs of sca4 are sufficient to activate vinculin, establishing their functions as bona fide vinculin binding sites.
Sca4 colocalizes with vinculin at sites of focal adhesions -
To assess the sca4-vinculin interaction in cells, we transfected NIH 3T3 fibroblasts with eGFP alone or with in-frame eGFP fusions of a sca4 residues 21-1,008 harboring both VBSs, sca4 residues 406-585 harboring sca4-VBS-N, sca4 residues 774-1,008 containing sca4-VBS-C, or sca4 residues 21-360 that does not bind to vinculin in vitro (Fig. 3) . Endogenous vinculin and Factin were also visualized by fluorescence labeling. Expression of the various sca4 constructs did not induce morphological changes of the transfected cells. As shown previously by others (50,51), vinculin was observed primarily at sites of focal adhesions.
Confocal microscopy established that eGFP-sca4, residues 406-585, 776-1,008, or 21-1,008 were present in fibrous-like structures and at punctate that overlapped with focal adhesions. Notably, both nearly full-length sca4 and the domains harboring the sca4-VBSs colocalized with endogenous vinculin. In addition, the punctate patterns were predominantly at the inner basal surface of the cells. Only small amounts of sca4 colocalized with vinculin at the leading edge of the cell. The fibrous expression patterns of sca4 overlap with F-actin staining. By contrast, eGFP alone and e-GFP-sca4 (residues 21-360) did not co-localize with vinculin. Therefore, sca4 and vinculin can interact in cells.
Vh1 adopts a novel conformation when bound to the sca4-VBS-C -
To define the molecular details of the sca4-vinculin interaction, we determined the crystal structures of the vinculin Vh1 domain in complex with either sca4-VBS to 2 Å and 2.8 Å, respectively (Tables I and II, Fig. 4A-C; Supplementary Fig. S3-S6 ). Although we obtained several crystallization hits for the Vh1:sca4-VBS-N complex, these crystals diffracted only to about 8 Å Bragg spacings. However, by decreasing the molar ratio of Vh1 to sca4 we obtained cubic crystals that allowed complete data collection to 2 Å Bragg spacing on beamline 11-1 at the Stanford Linear Acceleration Center (SLAC) at Stanford Synchrotron Radiation Laboratory (SSRL).
The Vh1:sca4-VBS-N crystal structures revealed that this VBS activates vinculin in a conventional fashion, akin to that of the VBSs of talin (24, 25) , IpaA (16, 18) (Fig. 4A-C; Supplementary Fig.  S3-S6 ), or α-actinin even though the VBS of α-actinin has opposite directionality (23). Vh1 is comprised of two four-helix bundle subdomains that are connected by a large shared central α-helix (α4). Binding of sca4-VBS to the N-terminal Vh1 fourhelix bundle subdomain (residues 1-130) creates a five-helix bundle. As seen first in the Vh1:talin-VBS3 crystal structure (24) , the Vh1-sca4-VBS interfaces are predominantly hydrophobic (Supplementary Fig. S7 ) with buried solvent accessible surface areas of 1,152 Å 2 and 1,110 Å 2 for sca4-VBS-N and sca4-VBS-C, respectively, upon complex formation. Further, there are three hydrogen bond formations involving Vh1 residues Ile-12, Gln-19, and His-22 and sca4-VBS-N residues Ser-421, Gln-425, and Asn-432. In the Vh1:sca4-VBS-C structure only two hydrogen bond interactions are formed, which are mediated by Vh1 residues Asp-127 and His-22 and sca4-VBS-C residues Tyr-815 and Glu-833, respectively.
Each of the two subdomains can be superimposed individually onto other known Vh1:VBS structures with r.m.s.d. less than 1 Å indicating that the subdomain structure is conserved. Indeed, a structural similarity search using the DALI server (52) for the N-terminal four-helix bundle Vh1 subdomain in complex with either sca4-VBS found the Vh1:talin-VBS1 structure (PDB entry 1syq; Z-scores of 1.2 and 2.2, respectively) (25) as the best match followed by the Vh1:IpaA-VBS2 structure (PDB entry 2ibf; Z-scores of 1.5 and 1.8, respectively) (42). Thus, like S. flexneri, R. rickettsii applies molecular mimicry of talin to bind to and activate vinculin.
Notably, the Vh1:sca4-VBS-C structure shows a novel subdomain movement of over 35º relative to the sca4-VBS-N bound structure (as judged using the program Dyndom; http://fizz.cmp.uea.ac.uk/dyndom/) where the hinge involves residues 8-13 and 126-129 and where the two four-helix bundle Vh1 subdomains move into a unique and indeed more "closed" Vh1 conformation ( Fig. 4A; Supplementary Fig. S3, S8, S9) . A structure-based sequence alignment (Fig. 4D ) reveals that the amino-terminus of sca4-VBS-C is very acidic (Asp-811 and Asp-812) compared to all other VBSs, which might neutralize the helix dipole and stabilize the sca4-VBS-C α-helix. More importantly, these two aspartates could be responsible for the dramatic movement of Vh1 Lys-173 that may trigger subdomain movement in Vh1.
A second, somewhat subtler difference in the Vh1:sca4-VBS-C crystal structure compared to all other known Vh1:VBS structures, is a movement of α-helix α1, which is probably caused by Pro-827 ( Fig.  4C; Supplementary Fig. S4 ). Indeed, mutating the talin-VBS1 which has a glutamate in the equivalent position (Glu-621; Fig. 4D ) to a proline abolishes its binding to Vh1 (28) . The sca4-VBS-C superimposes well with the other VBSs up to residue Pro-827, which causes a kink in the sca4-VBS-C that probably pushes the Vh1 α-helix α1 somewhat further away from Vh1 α-helix α2 and almost half a turn closer to the C-terminal four-helix Vh1 subdomain, thus affecting its orientation relative to the N-terminal fourhelix bundle subdomain (Fig. 4C,  Supplementary Fig. S4, S8, S9 ). The distinct α-helix α1 conformation results in different interactions of residues residing on its amino-terminus with the C-terminal four-helix subdomain, in particular the carboxy-terminal region of Vh1 α-helix α5. Superposition with full-length vinculin shows that α-helix α5 moves deeper into the core of vinculin ( Supplementary Fig.  S8, S9 ). For example, the side-chain of His-5 that points towards the side chain of Leu-182 is rotated almost 180º in Vh1:sca4-VBS-C to point towards the Nterminal four-helix bundle. This space is filled by Phe-4 (interacting with Ala-17 on α1 and Leu-116 on α4) in the other structures. In Vh1:sca4-VBS-C, Phe4 rather resides close to His-184 residing on Vh1 α-helix α6.
DISCUSSION
Obligate intracellular pathogens enter and spread within the host cell by coopting the F-actin cytoskeleton, yet how these events are orchestrated is generally poorly understood. Our findings with sca4 suggests that this protein functions as an essential invasin for Rickettsial species and that, in a remarkable case of convergent evolution, sca4 functions as an invasin akin to that of the IpaA protein of Shigella, where both invasins function as talin mimics that bind to and activate vinculin to provide connections of the respective pathogens with the F-actin network. Furthermore, both IpaA and sca4 invasins harbor at least two VBSs, suggesting they both employ a mechanism that amplifies vinculin activation and actin organization at sites of pathogen entry. Finally, both of the VBSs of sca4 are conserved across all Rickettsial species, suggesting their essential roles in pathogenesis.
The mechanism by which sca4 activates vinculin occurs in a fashion described for IpaA (16) , where the VBSs of both invasins bind to and activate vinculin. This scenario bypasses preactivation steps that are required for the binding of talin or α-actinin to vinculin, where force-induced unraveling of helix bundles is needed to expose their VBSs to allow them to bind to and activate vinculin (24, 30, 42) . This strategy employed by these pathogens ensures that they effectively compete with talin and α-actinin for vinculin, and that they effectively sequester this essential F-actin binding protein for the uses of the pathogen in entry, motility and spread.
Our Vh1:sca4-VBS crystal structures are the first reported structures from R. rickettsii, with only a handful structures determined from another Rickettsia species. While both sca4-VBSs and IpaAVBSs are talin-VBS mimics, it is notable that the sca4-VBS-C induces novel structural alterations in vinculin, in particular to the C-terminal Vh1 four-helix bundle subdomain that does not bind to sca4-VBS, a scenario unique among all vinculin:VBS structures. Two features of sca4-VBS-C appear to trigger this change. First, this is only known VBS that has two negatively charged side chains on its Nterminus, which we posit might stabilize the sca4-VBS-C α-helix. Second, sca4-VBS-C harbors a proline residue that likely contributes to the shift of α-helix α1 and to the observed contortions in the C-terminal four-helix bundle subdomain.
The fact that Rickettsia uses sca4 to bind to and activate vinculin suggests that this is an essential invasin and that the vinculin-sca4 interaction might be targeted as a therapeutic strategy for combating this deadly pathogen. In this regard, the unique interactions of sca4 and vinculin revealed in the vinculin:sca4 crystal structures may provide inroads for developing small molecule inhibitors that selectively disable the functions of sca4.
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Holm, L., and Rosenstrom, P. A. Sequence alignment of all thirteen known VBSs (not shown) showed that sca4-VBS-C shares eight identical residues with IpaA-VBS2, shown in blue in the IpaA-VBS2 sequence. Sca4-VBS-C is highly conserved amongst Rickettsia, with eight identical residues (shown in red) amongst six species, including the spotted fever and the epidemic typhus group. Sca4-VBS-N is most similar to talin-VBS1, sharing eight residues, shown in green. IpaA-2, IpaA-VBS2; VBS-C, sca4-VBS-C; VBS-N, sca4-VBS-N; Rc, R. conorii; Ra, R. africae; Rf, R. felis; Rp, R. prowazekii; Rj, R. japonica.
B. The sca4-VBS domains bind to the vinculin head domain Vh1 in solution. Native gel shift mobility assays (8-25% gradient native gel) showing that nearly full-length sca4 protein, residues 21-1008 ("FL"; lanes 2 and 3, left gel), sca4 residues 411-585 ("C1"; lanes 1 and 2, right gel), and sca4 residues 774-1008 ("C2"; lanes 3 and 4, right gel) bind to Vh1 as seen by the retarded ("FL", "C1", and "C2") new complex bands appearing compared to unbound Vh1 (lanes 1 and 5, left and right gels respectively). However, the N-terminal domain of sca4, residues 21-360 ("N"; lanes 4 and 5, left gel), does not bind to Vh1. C2 migrates poorly into the native gel probably due to its pI of 8.6. A. Native gel shift mobility assays (8-25% gradient native gel) of Vh1 alone (lane 1), the pre-formed Vh1:Vt complex alone (lane 2), the Vh1:Vt complex with the addition nearly full-length sca4 (residues 21-1008, lane 3) or of the sca4-VBS domains (lanes 5 and 7 for sca4-VBS-N and sca4-VBS-C domains, respectively). All three sca4 proteins displace Vt from the Vh1:Vt complex readily at equimolar ratio and form a Vh1:sca4 complex (lanes 3-8) that is retarded compared to Vh1 alone (lane 1). Unbound Vt does not show on a native gel due to its basic pI (24) .
B. Actin cosedimentation analyses (8-25% gradient native gel) of full-length vinculin in the presence (lanes 5-10) and absence (lanes 1-4) of the minimal sca4-VBSs. Vinculin alone does not aggregate (lanes 1-4) and does not sediment with F-actin (lanes 1-2) . Addition of two-fold molar excess of either sca4-VBSs to full-length vinculin does not lead to aggregates (lanes 5, 6) but triggers cosedimentation of vinculin with F-actin (lanes 7-10). F-act, F-actin; M, molecular weight markers; S, supernatant; P, pellet; VBS-C, sca4-VBS-C, residues 814-832; VBS-N, sca4-VBS-N, residues 413-431; vinc, vinculin. A. Superposition of all known talin-VBSs and IpaA-VBSs in their Vh1-bound states (white) onto our 2 Å Vh1:sca4-VBS-N (green) and 2.8 Å Vh1:sca4-VBS-C (magenta) crystal structures. Vh1 is shown as a Cα trace and the VBSs as a cartoon. Vh1 α-helices α4-α7 are labeled. All VBSs (talin-VBS1, residues 608-627; talin-VBS11, residues 822-841; talin-VBS2, residues 855-874; talin-VBS33, residues 1,525-1,544; talin-VBS36, residues 1,633-1,652; talinVBS58, residues 2,345-2,364; IpaA-VBS1; and IpaA-VBS2) were aligned to talin-VBS3 (residues 1,949-1,968) with r.m.s.d. of 1 Å, 1.1 Å, 0.6 Å, 1 Å, 0.5 Å, 1 Å, 0.7 Å, 0.7 Å, and 0.5 Å, respectively. Sca4-VBS-C induces a significant movement of the C-terminal Vh1 four-helix bundle subdomain, which is unique versus all other Vh1:VBS structures.
B. Zoomed view of the superposition of sca4-VBS-N (green) representative of all Vh1:VBS structures onto the sca4-VBS-C (magenta) in their Vh1-bound states. Unlike other VBSs, sca4-VBS-C has two acidic residues on its N-terminus (Asp-812 is shown in sticks and is labeled), which might stabile the sca4-VBS-C α-helix by neutralizing its dipole, and the large movement of the C-terminal Vh1 subdomain indicated by the movement of Lys-173 and the arrow.
C. Zoomed in view showing the kink at sca4 Pro-827 (shown in black sticks, labeled) in sca4-VBS-C (magenta) compared to the sca4-VBS-N (green); the latter is representative of all other Vh1:VBS structures. Residues amino-terminal to Pro-827 moved while the carboxy-terminal end superimpose well. This movement causes Vh1 α-helix α1 to shift down (in this view) and towards the C-terminal Vh1 subdomain as indicated by the arrow.
D.
Structure based sequence alignment of the talin-VBSs (first six black PDB entries 1rkc, 1syq, 1zvz,1u6h, 1zw3, 1zw2), IpaA-VBSs (next two blue PDB entries 2gww, 2hsq), and the sca4-VBSs (last two black sequences). Residue numbers are indicated. The two acidic amino-terminal residues found only in sca4-VBS-C and the Pro-827 found only in sca4-VBS-C are highlighted in cyan. Residues in lower case are not present in the structure. where <|F calc |> is the expectation of |F calc | under the error model used in maximum likelihood refinement § The free R-factor is a cross-validation residual calculated using 5% (sca4-VBS-N) and 8.5% (sca4-VBS-C) reflections, which were randomly chosen and excluded from the refinement by guest on September 1, 2017
